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ABBREVIATIONS 
3D  three dimensional 
2D  two dimensional 
3D PCL 3D Insert PCL 
d   Displacement 
DMA  Dynamic mechanical analysis 
(¶  Storage modulus 
(¶¶  Loss modulus 
Ea  apparent elastic modulus 
F  Load 
GV  Grey values 
µCT  Micro computed tomography 
n  Number of samples 
PBS  Phosphate buffered saline 
PDMS  Polydimethylsiloxane 
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ROI  Region of interest 
SEM  Scanning electron microscopy 
TE  Tissue engineering 
Vmat  Volume of material 
VROI  Volume in ROI 
 
 
 
1 Introduction 
 
Tissue Engineering (TE) approach aims at closely mimicking the biological environment 
found in the body to drive progenitor cells toward a defined differentiation pathway and to 
obtain fully functional tissue as replacement for injured sites. While the behaviour of cellular 
lineages seeded on two dimensional (2D) surfaces is nowadays well defined on a wide 
range of materials [1], this culture method does not appropriately mimic the biological 
environment because it lacks 3D structure. As a consequence, one of the first challenges 
addressed by TE regards the possibility of employing structures closely mimicking the 
geometry and chemistry of the biological environment found in the target tissue. For bone 
regeneration purposes, a basic requirement is for the scaffold to be able to bear mechanical 
stimuli, as bone is often under mechanical load by the action of muscles and body 
movements. Synthetic materials made by polymerization of lactic acid, glycolic acid or 
caprolactone were explored to manufacture composite scaffolds, often embedding natural 
proteins. This approach led to the fabrication of scaffolds able to bear mechanical forces, 
providing at the same time an architecture and a matrix similar to the bone tissue niche [2]. 
Among those, polycaprolactone (PCL), a thermoplastic polymer with low glass transition and 
low melting temperature [3], is gaining interest as temperature dependent processes can be 
employed to shape it, enabling control over features at micro scale [4]±[6]. PCL was also 
shown to be biocompatible [7] and have slow degradation rates due to its high degree of 
crystallinity and hydrophobicity [8], [9]. These characteristics make PCL highly suitable for 
studies requiring consistency in the mechanical properties of the material over time [10]. 
Moreover, PCL is increasingly proposed as product for in vivo tissue regeneration [11]. As 
consequence, its suitability to be used for medical purposes needs to be verified [12]. FDA 
regulations [13] aim to define standards for  guaranteeing safety of human medical grade 
products to be launched on the market. On the respect of these rules, the device must at last 
satisfy the user needs and in this particular paper we address issues related to repeatability 
of commercially available PCL scaffolds in terms of architecture and mechanical response.   
Indeed, the architecture of scaffolds showed to strongly impact the mechanical properties of 
polymeric scaffolds [14]±[17], as consequence here micro-computed tomography (µCT) is 
used a non-destructive approach to study scaffolds geometry. In order to obtain 
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reproducibility of the response to compression, pre-stresses existing in the scaffolds must be 
prevented. For this purpose, static pre-conditioning was proposed in multiple studies [18]±
[20] as a method to prevent progressive relaxation of the structure undergoing dynamic 
cycles. Environmental conditions are known to affect the mechanical response of scaffolds 
[21] as demonstrated by Dynamic Mechanical Analysis (DMA) in previous literature studies 
[14], [15], [17].  DMA was used in this study to capture any difference in the mechanical 
response of scaffolds when surrounded by liquid (water). The aims of this study were to 
characterize the mechanical response of 3D PCL scaffolds to compression and to assess 
the variability of the mechanical response to architectural variability and sample 
repositioning.  
 
 
 
2 Materials and Methods 
 Scaffolds and micro computed tomography 2.1
 
3D Insert PCL scaffolds (Biotek, USA) 5 mm in diameter and 1.5 mm tall were stacked one 
upon another (up to three samples) into a straw and separated by small pieces of paper. 
Then, they were placed on a holder located in the µCT equipment between the x-ray source 
and the detector (Skyscan 1172, Belgium). Scaffolds were scanned at 40 kV, 10 W and 250 
mA. No ILOWHUV ZHUH DSSOLHG DQG WKH SL[HO VL]H ZDV VHW WR  ȝP 'XULQJ WKH VFDQQLQJ
scaffolds were automatically rotated and consecutive projection images were acquired by 
the detector. Through algorithms implemented in the CTAn reconstruction software (Bruker, 
Belgium), projections were automatically analysed, and cross-sectional slices showing the 
density profile of the material were provided. Such 2D slices were obtained by applying ring 
artefacts and beam hardening corrections of respectively 10% and 15%. From the 
histogram, grey values (GV) between 0 and 0.2 were selected to improve image contrast.  
 
 SEM 2.2
A 3D PCL sample was stuck to the top surface of a cylindrical holder by a carbon sticker. 
After undergoing gold sputtering for 5 minutes, pictures were acquired by SEM at 15 KV. 
 
 Geometric variability 2.3
 
According to histograms obtained by µCT scans, grey values between 8,000 and 13,000 
were selected to compute a mask of scaffolds (n=14) architecture and quantify volume, 
surface area and porosity. Volume and surface area were calculated automatically by 
Simpleware on the overall mask while porosity measurements required the selection of an 
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internal ROI. The percentage of material (Vmat) occupying the overall selected volume (VROI) 
was considered in the estimation of the final porosity (Eq. 1) and the relative density (Eq. 2). 
 
 p=1-(Vmat/VROI)*100  
 
Eq. 1 
 
                                                 RD=100-p  Eq. 2 
  
 
 
3D volumes were further elaborated in ImageJ (NIH, USA) to evaluate the average fiber 
diameter. Fiber diameter was measured on a cross-section of the scaffold whose cutting 
plane passes through the centroid of the structure. Then, circular areas were drawn 
matching the fibers profile. Other parameters taken into account were the height and the 
mass of scaffolds measured respectively using a calliper (Mitutoyo, UK) and a digital scale 
(Kern & Sohn GmbH, Germany).  
  Stress/strain curve 2.4
 
Stress/strain curves were obtained applying loading ramps at 5, 8 and 14% compressive 
strain at 10 µm/s using a BOSE Biodynamic System 5500 (BOSE Corp., USA) in order to 
determine a range of strain avoiding plastic deformation. Scaffolds (n=5) were tested at 25°C 
in air and at 40% of humidity. The zero position was defined by load referring to an initial 
preload of 0.1 N on the structure as zero stress/strain condition. Such value corresponded to 
the minimum variation detectable by the load sensor. Load (F) and displacement (d) data 
were acquired at 20 Hz using the Wintest 7.0 software (BOSE Corp., USA). The engineering 
uniaxial stress and strain were calculated. 
 
 Sample preconditioning and dynamic compression  2.5
 
Scaffold relaxation was obtained by static preconditioning. A 8% compressive ramps was 
DSSOLHG DW  ȝPV DQG WKH UHVXOWLQJ GLVSODFHPHQW ZDV NHSW FRQVWDQW IRU  K (Fig. 1). To 
confirm the absence of relaxation after static preconditioning, samples (n=3) underwent 
cyclic compression before and after relaxation at 37°C and 40% humidity. Dynamic forces 
were applied as 5% strain triangle waves for 10 times at 1 Hz (Fig. 2). 
 
 Apparent elastic modulus 2.6
 
5% VWUDLQ UDPSVDWȝPVZHUHDSSOLHGDWDQG&DOORZLQJVWDELOL]DWLRQRI WKH
temperature inside the incubator for 30 min at each temperature variation. Samples (n=3) 
were tested with 10 ramps and recovery of the scaffold was achieved by allowing 10 min 
recovery between consecutive ramps. The apparent elastic modulus was calculated as 
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average of stress/strain ratio in the range of linear response of scaffolds, hence where the 
secant modulus was constant. 
 
 Dynamic mechanical analysis 2.7
 
Samples (Table 1) were preloaded at 0.1 N and a ramp at 5% strain was superimposed to 
induce a pre-stress on the structures. Consecutive sinewaves 2% peak to peak were applied 
at 0.1, 0.5, 1, 5, 10 Hz. The storage modulus ((¶) gives insight of the elastic response of the 
structure and of the energy stored by the specimen while the loss modulus ((¶¶) takes into 
account the dissipation effects caused by the viscoelastic component. The two moduli can 
be combined to obtain the complex elastic modulus (Eq.3) and tan 䃓 (Eq.4). 
 
 כ ൌᇱ ൅ ᇱᇱ  Eq. 3 
 
 
                                            tanɁൌǯǯȀǯ  Eq. 4 
 
 
DMA was performed in dry or wet conditions keeping samples (n=3) respectively in air or 
water at 37°C. The protocol was controlled by the DMA software (BOSE Corp., USA) and 
post processing of data was automatically provided by the DMA Analysis software (BOSE 
Corp., USA). DMA analysis was repeated three times on the same sample to determine (¶, 
(¶¶ and tan 䃓 without varying the orientation of the scaffold in the machine. 
 
 Boundary effects and mechanical variability 2.8
 
The effect of geometry and porosity on the response to compression was first investigated 
on a mechanically well-known material such as polydimethylsiloxane (PDMS, Sylgard 184 
Dow Corning, US) in an effort to provide reference measurements. PDMS was prepared by 
mixing curing agent and monomer at 1:10 (w/w) ratio. Vacuum was applied until complete 
removal of bubbles and PDMS was cured at 75°C for 20 min in a temperature controlled 
oven. Once solidified, PDMS was cut into a cylindrical shape by punching holes 5 mm in 
diameter through the structure. Through this procedure, it was possible to obtain PDMS 
samples whose dimensions match 3D PCL. PDMS and 3D PCL mechanical properties were 
tested by applying a preload of 0.1 N followed by a 5% strain loading ramp at a fixed 
velocity. Ea values obtained by performing 10 ramps were averaged to perform statistical 
analysis and allowing 10 min recovery between consecutive ramps. In this study the effect of 
three variables on the mechanical response of samples were studied: height, velocity and 
sample orientation. The first was explored to test the existence of a link between the height 
of the specimen and its measured mechanical properties. 
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For this purpose, PDMS samples (n=3) 2 mm (PDMS2) and 10 mm (PDMS10) height were 
tested under the same conditions in terms of strain amplitude and rate. To evaluate the 
adaptation of the material when displacement was applied at different rates, the velocity of 
WKH ORDGLQJUDPSZDVYDULHGDWDQGȝPVRQERWK3'06DQG' PCL. The 3D PCL 
samples (n=3) used in the experiments were chosen randomly from the same batch (Table 
1). The last variable considered was the orientation of the sample on the radial plane.  At 
each velocity, Ea was statistically analysed to evaluate the effect elicited by rotating the 
sample on the xy plane and around the z axis on a compact or a 3D porous material. 
Statistical analysis was performed by SPSS software. Normality and equality of variances 
among series of data were tested by Shapiro and Levene test, and ANOVA statistical 
analysis was performed. 
 
 
3 Results 
 Micro-computed tomography and 3D PCL architecture 3.1
 
Scaffold architecture is believed to play a central role in the variability of the mechanical 
response when compressing different samples. For this reason, each scaffold was scanned 
by µCT prior to dynamic compression and the geometrical features were scrutinized to 
identify any significant difference among scaffolds (Fig.4A). All parameters tested (Table3) 
showed high deviation from the average value with percentage error up to 12%. The 
average scaffold height was 1.56 mm, with a range from 1.36 to 1.67 mm. Numerical 
reconstruction of the samples showed that the differences in height were due to the 
dimension of fibers varying within the sample and among different specimens. All samples 
also presented with misalignment between fibers, imperfections in the structure and variable 
pore size. In particular, SEM pictures helped confirming fusion phenomena occurring 
between fibers located in consecutive layer placed on the z plane (Fig 4B). Fibers also 
showed a lack of cylindricity, irregular spacing and a highly variable diameter (Fig.4C). In the 
same sample, the diameter of fibers varied up to 8% while, extending the comparison among 
different samples, the variability increased up to 12%. Beyond scaffold height and fiber 
diameter, parameters with variability above 10% include surface area, volume and porosity 
of 11.3%, 12.8% and 15.6%, respectively.  
 
 Stress/strain curve and apparent elastic modulus 3.2
 
The stress/strain curve (Fig.3A) shows a classic viscoelastic behaviour, identified by the 
non-linear increase of stress with increasing strain. Moreover, the development of an 
hysteresis cycle suggests loss of energy associated to the deformation. Indeed, the 
unloading curve showed 6% residual strain when a single ramp at 14% strain was applied, 
suggesting the occurrence of plastic deformation of the structure for strains above 8%. 
Applying a 8% strain (Fig.3B), the plastic deformation occurred to be below 2% which 
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corresponds to the precision of the displacement sensor of the mechanical testing machine. 
As consequence, plastic effect can be considered null and 8% was selected for inducing 
relaxation of each scaffold before testing. A single 5% strain ramp (Fig.3B) did not present 
plastic effects and showed complete recovery of the structure. For this reason, low strain 
values thresholded at 5% were applied for testing the behaviour of samples under 
compression after relaxation. At this point, the secant modulus was examined as it remains 
constant in the range of strain governed by linearity on the stress/strain curve (Fig.3C). 
Following these findings, a certain strain was considered as belonging to the linear range if 
the secant modulus underwent a maximum variation of 10% from the value observed at 1%. 
As a result, all secant moduli falling in the range of strain between 1 and 2.5% were 
averaged and defined as apparent elastic modulus. Ea remained constant among 
stimulations regardless of the previous history of the material if (1) the strains applied 
previously did not exceed the 8% threeshold for plastic deformation; (2) samples were not 
repositioned in the machine; and (3) samples were allowed to recovery for 10 min between 
consecutive compression cycles. Ea was found to decrease linearly with increasing 
temperature (Fig.5A). Samples tested at 25, 30 and 37°C showed Ea respectively at 4.8, 3.8 
and 2.2 MPa (Fig.5B). 
 Preconditioning and viscoelastic effects 3.3
 
Viscoelastic effects occurred when cyclic loading was applied, enhancing progressive 
relaxation (Fig.6A) as the structure was not allowed to recover between ramps. The highest 
dissipation of energy was observed during the first cycle. Samples required an average of 
150 min to completely relax under 8% strain compression, reaching a plateau (Fig.6B). 
When applying cyclic loading on statically preconditioned specimens, relaxation was absent 
and compression tests showed overlapping loading/unloading curves (Fig.6C). The absence 
of plastic deformation was confirmed as no residual strain was observed at the end of the 
unloading curve. Despite the similarity in the relaxation pattern, the load force registered by 
the machine varied among samples although the same strain was applied, suggesting 
geometrical differences play a role in the mechanical response of scaffold to compression.  
 
 Mechanical characterization of PDMS 3.4
 
PDMS samples with different heights underwent the same compressive protocol as 3D PCL 
to evaluate the effect of height on the response of the material. At first glance, height 
seemed to play a fundamental role on the mechanical response, while rate of application of 
the stimuli did not elicit any strong effect on a compact material as PDMS (Fig.7). Statistical 
analysis was performed to test data for normality and equality of variances. Data series 
presented a normal distribution and equal variance as demonstrated respectively by the 
6KDSLURDQG/HYHQH¶VWHVWTable 3). Comparing samples of same height by ANOVA (Table 
3) showed no significant differences in the mechanical response. This confirms the suitability 
of PDMS as reference material and evaluation of the precision of the methodology and 
quantification of the human and systematic error. Despite the repeatability in the measure of 
the material stiffness for a given height suggested by the low standard deviation, PDMS10 
showed a significantly higher Ea (p<0.001) compared to PDMS2 (Table 4). This suggests 
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that a shorter height causes an underestimation of the final apparent elastic modulus. T-Test 
statistics showed no significant difference for a single PDMS2 sample compressed first at 1 
ȝPVDQGWKHQDWȝPVwhen its orientation in the machine was varied (Table 4).  
 
 3D PCL variability analysis 3.5
 
Compression of 3D PCL scaffolds showed a different behaviour, due to the texture of the 
architecture and the absence of a compact material. When testing the scaffolds under the 
same condition than for PDMS samples, random variation in the mechanical response was 
observed. Indeed, stress/strain curves did not overlap when a single 3D PCL sample was 
compressed several times varying its orientation of the sample in the machine (Fig.7). 
Despite of this, the average percentage error resulting from the application of a defined 
compression protocol remained constant among specimens, amounting to 1 MPa. However, 
the overall error reached up to 30% of the measure depending on the Ea values associated 
with the mechanical response of samples to compression. Contrary to PDMS, 3D PCL 
showed differences in the overall mechanical response when different samples were tested 
(Fig.8) as already noticed during relaxation. According to Shapiro test, data series followed a 
non-normal distribution (Table5) for samples A and B compressed respectively at 1 and 10 
ȝPV+RZHYHUDIXUWKHUDQDO\VLVRQboxplot diagrams was performed, revealing symmetry 
HVSHFLDOO\DWȝPVFig.9).  
Following those outcomes, data series were considered as normally distributed while the 
presence of outliers was associated to human error occurring during the application of the 
initial pre-load. Unlike PDMS samples, one out of three 3D PCL samples showed differences 
in the mechanical response when compressed at different velocity (Table5). Indeed, sample 
&UHVXOWHGVLJQLILFDQWO\VWLIIHUSZKHQFRPSUHVVHGDWȝPVVXJJHVWLQJYHORFLW\DV
a variable in the mechanical response of porous materials. Tukey post-hoc test (Table 5) 
showed significant diffHUHQFHVSEHWZHHQVDPSOHV$%DQG%&DWȝPV 
The differences in the mechanical response of samples became less evident at higher 
velocity as the mean value varied only comparing samples B and C with probability values 
falling close to the statistically significant threshold (Table 5). These findings highlight once 
more the importance of height and architecture in the definition of the mechanical response 
of the material. Despite the difference in the average Ea, the homogeneity of variances 
EHWZHHQVHULHVRIGDWDZDVREWDLQHGE\/HYHQH¶VWHVWUHJDUGOHVVRIWKHVDPSOHDUFKLWHFWXUH
(Table 6), allowing to define 1 MPa as the maximum standard deviation acceptable. 
 
 DMA analysis 3.6
 
Air and water were taken as variables in this study to define the effect of a different 
surrounding environment on mechanical behaviour of 3D PCL. No significant differences 
were found when testing the same sample in dry or immersed state. Indeed, storage 
modulus, loss modulus and tan 䃓 remained constant regardless of the environment 
(Fig.10). For all samples, increasing frequency above 5 Hz led to significant increase 
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(p<0.05) in storage modulus and a significant decrease (p<0.05) in tan 䃓. Variations in 
terms of loss modulus were observed just on one sample out of three, showing less 
dissipation effects with increased frequency. 
 
4 Discussion 
 
 3D PCL apparent elastic modulus 4.1
 
Stress/strain curves showed a viscoelastic, non-linear behaviour.  Ea calculated as average 
in the range of strain between 1-2.5% amounted to 2.2±1 MPa at 37°C. Such value 
classifies the 3D PCL as a good substitute IRU ERQH UHFRYHU\ DV LW PDWFKHV WKH <RXQJ¶V
modulus of fibrous tissue developing during early stage of healing and marrow [22]. 
However, an underestimation of the real value in terms of stiffness of the material is believed 
to occur due to the limited height of scaffolds, as demonstrated by applying the same 
conditions on PDMS samples at different height. Despite this, Ea remained constant loading 
a single sample which did not undergo repositioning in the machine.  
The repeatability of Ea enabled the investigation of the effect of temperature variation on the 
3D PCL stiffness. The dependence noticed between mechanical response to compression 
over temperature can be explained by the polymeric nature of the scaffolds [23], as polymers 
becomes softer at higher temperature due to the weaker bonds between adjacent polymeric 
chains. These thermal properties were previously reported for PCL scaffolds tested either as 
a compact [24], [25] or a 3D structure [14], [16].  
Comparison between samples was difficult because of the variation in the scaffold 
architecture, a parameter known to affect mechanical response. Numerous studies [14], [15], 
[26] have shown a strict correlation between porosity, pore size, offset between fibers and 
mechanical response. These parameters together with other properties of the sample - such 
as the geometry, degree of crosslinking and molecular weight - should be taken into account 
when comparing results with the literature (Table 7). For example, the stiffer Ea values found 
by Hutmacher [14] could be due to the different 3D geometry of their scaffolds, as well as to 
the molecular weight of the raw material (43,000-50,000 Da for 3D PCL). Despite similar 
geometries, Yeo et al. [16] found a higher modulus than for 3D PCL. This could be due to 
the different laydown pattern as well as the inclusion of TCP particles in the structure. The 
stiffness of PCL scaffolds with similar geometry was tested by Sobral [15], who evaluated 
the mechanical response of scaffolds with SRUHVL]HYDU\LQJEHWZHHQDQGȝP and 
IRXQGD<RXQJ¶VPRGXOXVUDQJLQJEHWZHHQDQG03D. Assuming that the variability in 
pore size of 3D PCL samples matched that of the other geometrical features such as height, 
porosity, fiber diameter, surface area and volume, the pore size of 3D PCL can be reported 
as  ȝP, with a maximum error of 15.6% from the average value provided by the 
manufacturer. As a consequence, the Ea values in this study are in agreement ZLWK6REUDO¶V 
[15]. Moreover, the percentage error of the average stiffness in the literature reaches 14% 
when consecutive identical compression cycles are applied on different samples. The 
deviation from the average value was instead higher in this study because of architectural 
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differences and imperfections which lead to high variability in the 3D PCL mechanical 
response.  
 
 Mechanical response and geometry 4.2
 
Before dynamic testing, samples underwent static preconditioning to induce stabilization of 
the structure and to guarantee reproducibility of the stimuli when several loading cycles are 
applied. Due to the absence of plastic deformation noticed applying loading ramps at 8% of 
strain, such value was used to induce complete relaxation from pre-stresses on all samples 
before further mechanical testing. PCL scaffolds with an architecture similar to 3D PCL 
relaxed under constant strain conditions over periods ranging from few hundreds of seconds 
[19] up to 33 min [20], while requiring about 180 min in this study. The differences with the 
literature are believed to be due to the molecular weight and the degree of crystallinity of 
samples [27]. The effect of degradation on the response of scaffolds to mechanical stimuli 
was not considered in this paper because experiments were performed over a period of time 
during which PCL scaffolds exposed to air or water were proved to not be affected by 
degradation [9], [21]. Despite the consistent response during dynamic compression, the 
overall stress varied among scaffolds due to differences in the geometry and the 
architecture. As shown by µCT reconstructions, fibers presented different dimensions and 
seemed to be fused together, randomly decreasing the spacing between layers in the z-
plane. This variability caused significant differences in the porosity distribution and 
interconnectivity within samples. Moreover, the height of 3D PCL does not meet the 
requirements for reliable estimation of the elastic modulus, stating the height to be at least 
twice the diameter [28]. Consequently, boundary effects occurred, leading to differences in 
the mechanical response when the orientation 䃐 of the same sample was varied. In 
addition, scaffolds often present a bullet-like shape due to the fabrication method which 
involves punching cylindrical shaped scaffolds from large sheets of polymeric fibers 
produced by fused deposition modelling. This fabrication method not only caused 
imperfection in the overall shape of scaffolds but it which often caused fusion between 
consecutive fibers as showed here by SEM imaging due to the high temperatures required in 
the process. In order to understand the contribution of the geometrical variability of samples 
loaded in different orientations, PDMS was used as reference material. Our results showed 
that some error can be associated with (1) a systematic component associated to the 
accuracy of displacement and load sensors, and (2) human error lessen by routine and well-
established procedures but limited by human eye resolution. This error can still be 
considered as minimal, given that it was found to be below 10% regardless of the sample 
orientation. As a consequence, the high variability up to 30% found with the 3D PCL 
response can be assumed to be related to the geometry and architecture of samples. 
Contrary to biological tissue and the 3D PCL, these findings show that the velocity of 
application of the stimuli and the orientation in the machine do not elicit any effect on the 
mechanical response of samples for a compact and elastic material such as PDMS. 
Variances remained consistent among different samples or varying testing conditions with 
standard deviation values below ± 0.2 MPa regardless of velocity, height and repositioning of 
the sample. We concluded that this value was considered representative of the standard 
deviation caused by the human and systematic error. 
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 DMA and stress distribution 4.3
 
DMA analysis defined the effect of different frequencies on 3D PCL mechanical response 
and helped with the evaluation of viscous and elastic properties of the structure. Increasing 
frequencies led to an increase in the ability of the scaffold to store energy as noticed by the 
increase in storage modulus and the simultaneous decrease of tan 䃓 affecting all samples. 
Scaffolds with interconnectivity and geometry very similar to 3D PCL samples but higher 
height were demonstrated to follow the same pattern in terms of (¶ and tan 䃓. According to 
Sobral study [15], the differences observed comparing (¶ among samples can be addressed 
to larger pores characterizing sample S4. Moreover, (¶ was lower for all conditions tested 
compared to our findings because of the difference in the amplitude of the sinewave applied. 
Indeed, the amplitude of the strain at the peak of compression amounted to 6% in our 
experiment, compared to 1.4% in the literature. 
A cylindrical geometry matching PCL scaffolds presented here was investigated by Yilgor 
[17], although the height of the specimens and the protocol applied to samples during the 
DMA analysis were unclear. Storage modulus and tan 䃓 values match the results found in 
our study when a laydown pattern of 0/90° is considered. Among others, DMA enabled also 
the investigation of the effect elicited by the external environment on the mechanical 
response of 3D PCL. No significant differences were observed comparing (¶, (¶¶ and tan 䃓 
in air or in liquid. These results match findings in the literature related to five-layered pattern 
structures [14], while slightly different three-layered architectures, tested in the same study, 
were found to decrease stiffness upon immersion in PBS.  
 
 3D Insert PCL as a mechanical in vitro model 4.4
 
This study aims to verify the geometrical repeatability of 3D PCL scaffolds and investigate 
their mechanical response to compression in order to evaluate the possibility of employing 
3D PCL as in vitro model for repeated mechanical stimulation of cells. The main challenge at 
this stage consisted in defining Ea providing a good representation of the linear response to 
compression due to the variable architecture of scaffolds. At first, progressive relaxation of 
the structure was achieved by static preconditioning samples at 8% compressive strain. 
Once relaxed, a range of strains eliciting an elastic response was identified for further 
analysis of the mechanical behaviour of 3D PCL varying temperature, or under cyclic load. 
The main drawback in the evaluation of the stiffness of the structure was related to the high 
variability in the measurement. Indeed, considering a different orientation on the xy plane, 
the same scaffold led to varying up to 30% from the average value. This variation was much 
higher than the percentage error found applying the same protocol to standard PDMS 
samples with identical geometry but compact architecture. This difference between the two 
materials suggests a link between the architecture of 3D PCL and the variability of the 
measure.  As extensively claimed in the literature [14], [15], [17], the mechanical properties 
of scaffolds vary greatly depending on the diameter of the fibers, their relative orientation or 
the presence of defects. As observed by µCT, 3D PCL is characterized by many structural 
12 
 
irregularities which cause a highly randomized distribution of stresses. Furthermore, the 
sample height is three-fold lower than the diameter, causing an underestimation of the 
overall stiffness of the structure as demonstrated compressing PDMS samples with different 
height. The variability observed in the mechanical response of 3D PCL can be also 
considered advantageous in an effort to simulate the in vivo environment. Indeed, the bone 
fracture site is characterized by a combination of tensile, compressive and bending forces 
strictly connected to the synergic action of muscles, tendons, blood flow and external factors, 
rather than a single and uniform compressive component.  
 
5 Conclusions 
 
3D PCL scaffolds demonstrated a high variability in their architecture and, as consequence, 
also in the mechanical response. Despite of this, this study helped quantifying an apparent 
<RXQJ¶VPodulus for 3D PCL of 2.2 MPa at 37°C. Moreover, the maximum variation was 
established to reach at worst the 30% of the average Ea considering a wide population of 
scaffolds. Ea defined among 1 and 2.5% strain remained constant among stimulations, 
allowing the investigation of a relationship between temperature and 3D PCL mechanical 
response. Ea was also found to consistently vary repositioning the same scaffold or 
comparing different specimens because of boundary effects related to the small height and 
differences in architecture. The findings of this study confirm the suitability of 3D PCL to be 
used for bone mechanobiology studies although 3D PCL was demonstrated to provide a 
high variability in the mechanical response to compression. Importantly the extensive 
mechanical characterisation of those scaffolds show the variability encountered from sample 
to sample and the importance of controlling and characterising parameters such as pore 
architecture, temperature and strain rate. Data obtained by this study are currently used for 
the development of computational models aiming to establish the local distribution of 
stresses and fluid flow [29] within the structure and give a much clearer representation of 
forces when 3D porous scaffolds undergo external compression.  
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Fig. 1: relaxation protocol performed maintaining constant strain for 180 min. 
Fig. 2: Cyclic compression applied before and after relaxation of 3D PCL to test the 
viscoelastic response of scaffolds. 
Fig. 3: Stress/strain curve applying loading/unloading ramp to evaluate 3D PCL 
response to mechanical compression for strain up to (A) 14%, (B) 8 (red) and 5% 
(blue). (C) Secant modulus resulting from compression of a 3D PCL sample. The 
standard deviation refers to an average of 10 consecutive ramps.  
Fig. 4: (A) Micro CT reconstruction of 3D PCL entire volume (B) SEM picture of the 
top surface of samples. Black arrows point at fibers which are fused together as 
consequence of the fabrication process. (C) Cross-sections of samples obtained by 
volume rendering. 
Fig. 5: (A) stress\strain curve varying temperature at 25, 30 and 37°C; (B) apparent 
elastic modulus values depending on temperature. 
Fig. 6: (A) viscoelastic relaxation of scaffolds tested by cyclic loading over 10 cycles, 
(B) Relaxation pattern of four different samples relaxed under constant displacement 
over 180 min (C) stress/strain curves showing the behaviour of the material for 10 
consecutive compression ramps after undergoing relaxation. 
Fig. 7: Effect of different heights and compression rates on the response of PDMS 
samples. The mechanical response of 2 mm height samples compressed DWȝPV
EOXHDQGȝPVUHGDUHFRPSDUHGWRWKDWRIPPVDPSOHVFRPSUHVVHGDW
µm/s (green). Each condition was tested on three samples (A, B, C). 
Fig. 8: (A) stress/strain curves (1-10) repositioning the same sample among 
compression ramps applLHG DW  ȝPV % $SSDUHQW HODVWLF PRGXOXV RI ' 3&/
samples (A, B, C) tested varying the velocity of application of compressive ramps at 
1 um/s (blue) and 10 um/s (red). 
Fig. 9: boxplots to evaluate normality on samples with negative Shapiro test results. 
The boxes represent the distribution of data: the median is indicated by the bold 
black line dividing the box in 2 parts. Datas can be considered with a normal 
distribution if the line is in the middle of the box and the standard deviations are 
similar comparing the top and the bottom half. Values higher than 3/2 times the 
upper of lower quartile are considered outliers according to the outlier test performed 
automatically by SPSS. From left to right, graphs refer respectively to sample A 
compressed at 1 ȝPVDQGVDPSOH%FRPSUHVVHGDWȝPV 
Fig. 10 $6WRUDJHPRGXOXV % ORVVPRGXOXVDQG & WDQį UHVXOWLQJ IURP'0$
analysis on 3D PCL samples tested in air (continuous line) or water (dot line). 
Statistical significant differences are marked by * (*p<0.05). 
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Fig. 3 single column 
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Fig. 4: double column 
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Fig. 6 single column 
 
 
 
 
 
 
 
20 
 
Fig. 7 single column 
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Fig. 10 1.5 column 
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Table 1  
PCL SAMPLE HEIGHT 
[mm] 
POROSITY 
[%] 
S2 1.37 42 
S3 1.52 44 
S4 1.54 45 
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Table 1  
 W>^DW>  ,/',d  ?ŵŵ ?
   ϭ͘ϱϰ 
   ϭ͘ϲϭ 
   ϭ͘ϯϵ 
 
 
 
 
Table 2 
Sample 
number Height [mm] 
Surface area 
[mm2] 
Volume 
[mm3] 
Fiber 
diameter 
[µm] 
Porosity [%] 
1 1.42 137.67 13.04 290 31.6 
2 1.36 145.91 13.31 254 46.54 
3 1.62 148.59 12.59 305 46.61 
4 1.52 145.94 13.31 284 43.74 
5 1.55 153.04 15.88 348 34.2 
6 1.67 155.68 16.76 393 50.9 
7 1.61 201.12 15.95 335 48.25 
8 1.61 166.03 13 380 47.73 
9 1.59 159.31 17.84 335 42.71 
10 1.55 147.22 13.56 315 35.5 
11 1.66 161.91 12.51 300 40.3 
12 1.53 151.22 12.14 299 36.09 
13 1.67 157.17 13.28 296 35.5 
14 1.53 122.66 13.28 296 51.2 
Average 1.56 153.82 14.03 316 42.2 
Standard 
deviation 0.09 17.39 1.79 38 6.6 
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Table 3 
^DW> dZ/W>/d^ ^,W/ZKd^d 
>sE ?^
d^d EKs d-d^d 
d-d^d
sZz/E'
s>K/dz 
WD^Ϯ 
 Ϭ͘Ϯϲϯ 
Ϭ͘ϱϰϳ Ϭ͘ϵϮϯ 
Ϭ͘ϬϬϬ 
Ϭ͘ϯϬϵ 
 Ϭ͘ϱϳϱ Ϭ͘ϭϭϯ 
 Ϭ͘ϭϰϯ Ϭ͘ϴϮϰ 
WD^ϭϬ 
 Ϭ͘ϱϱϴ 
Ϭ͘ϱϵϳ Ϭ͘Ϭϳϯ -  Ϭ͘ϴϬϮ 
 Ϭ͘ϱϵϵ 
 
 
 
Table 4 
W>^DW> s>K/dz ?A?ŵ ?Ɛ ?
^,W/ZK
d^d >sEd^d dd^d 
 ϭ Ϭ͘ϬϬϯ Ϭ͘ϰϬϰ Ϭ͘Ϯϭϱ ϭϬ Ϭ͘Ϭϲϵ 
 ϭ Ϭ͘ϰϳϯ Ϭ͘ϳϳϬ Ϭ͘ϲϮϰ ϭϬ Ϭ͘Ϭϯϰ 
 ϭ Ϭ͘Ϭϵϯ Ϭ͘ϯϰϯ Ϭ͘Ϭϭϲ ϭϬ Ϭ͘ϭϵϵ 
 
Table 5 
s>K/dz
 ?ʅŵ ?Ɛ ? 
dh<zWK^d-,Kd^d 
^DW>^   
ϭ  Ϭ͘ϬϭϬ - 
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 Ϭ͘ϳϵϮ Ϭ͘ϬϯϮ 
ϭϬ  Ϭ͘ϬϳϮ - 
 Ϭ͘ϮϮϭ Ϭ͘ϰϲϮ 
 
Table 6 
s>K/dz ^DW> >sE ?^d^d 
ϭ 
 
Ϭ͘ϳϱϮ  
 
ϭϬ 
 
Ϭ͘ϰϴϱ  
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Table 7 
Study 
Molecular 
weight 
Dimensions 
[mm] 
Compressi
on 
protocol 
Laydown pattern 
Porosi
ty 
[%] 
Pores 
size 
[ʅm] 
Surrounding 
environment 
Stiffness 
[MPa] 
Hutmacher 80,000 
6.5 x 6.5 x 
13.5 
0.7% 
strain 
16.7 ʅm/s 
(37°C) 
0/60/120° 55 
380 x 
430 x 
590 
Air 41.9±3.5 
PBS 29.4±4.0 
0/72/144/36/108
° 
56 
360 x 
410 x 
620 
Air  20.2±1.7 
PBS 21.5±2.9 
Yeo 115,000 
3 mm 
height 
5 mm 
diameter 
80% strain 
16.7 ʅm/s 
(27°C) 
0/60/120° 70 - 
Culture 
medium 
23.1±6.2 
Sobral - 5 x 5 x 5  
80% strain 
33 ʅm/s 
(37°C) 
0/90° 
31 100 
PBS 
8±0.5 
81 750 1.5±0.2 
60 
100-
750-
100 
3±0.1 
56 
750-
100-
750 
3.5±0.5 
Brunelli 
43,000-
50,000  
1.5 mm 
height 
5% strain 
10 ʅm/s 0/90° 42 300  Air 2.2±1 
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5 mm 
diameter 
(37°C) 
 
 
 
 
 
 
Table 9 
Study 
Dimensions 
[mm] 
Compression 
protocol 
Laydown 
pattern 
Porosit
y 
[%] 
Pores 
size 
[ʅm] 
Surrounding 
environment 
Storage 
Modulus 
[MPa] 
Tan ɷ 
Sobral 5 x 5 x 5  1.4% strain 0/90° 
31 100 
PBS 
8 MPa at 
0.1 Hz 
increasing 
linearly up 
to 11 MPa 
at 10 Hz. 
Values 
between 
0.10 and 
0.16 
depending 
on the 
porosity and 
progressively 
decreasing 
for 
frequencies 
up to 0.5 Hz. 
It remains 
constant for 
higher 
frequency 
values. 
81 750 Similar 
values 
between 2 
and 4 MPa 
depending 
on pore 
size. It 
remains 
constant 
with 
increasing 
frequency 
60 
100-
750-
100 
56 
750-
100-
750 
Yilgor 
5 mm 
diameter 
- 
0/90 51 
- Air 
18.5±0.2 0.05 
0/90 + 
offset 
66 3.5±0.1 0.07 
0/45/90 65 11.5±0.1 0.05 
0/45/90 
+ offset 
57 9.7±0.1 0.05 
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Architecture 
by µCT
 
 
 
 
highlight 
x 3D PCL responded linearly to compression for strains between 1 and 2.5%. 
x Plastic deformation of 3D PCL was prevented applying compressive strains below 
8%. 
x A statistical analysis revealed a variability up to 30% in the mechanical response. 
 
 
